Introduction
The Permian succession of the southern Sydney Basin has long been regarded as preserving a record of the late Paleozoic ice age (most recently Dickins, 1996; Tye et al., 1996; Eyles et al., 1997 Eyles et al., , 1998 Fielding et al., 2006) . Features of the succession that are persuasive in this regard include: (i) an abundance of outsized, extraformational clasts up to 2 m in diameter encased within fine-grained marine mudrocks (Thiele, 1903; Gostin, 1968; Gostin & Herbert, 1973) ; (ii) abundance of enigmatic pseudomorphs termed "glendonites" known to have replaced the calcium carbonate hexahydrate mineral ikaite, which typically forms on cold, oxygen-starved, sea floors (Carr et al., 1989) ; (iii) the low-diversity but often highabundance marine invertebrate fauna (Dickins et al., 1969) typified by the thick-shelled bivalve Eurydesma (Runnegar, 1979; and, more locally, (iv) soft-sediment deformation structures that have been interpreted as iceberg keel turbates (Eyles et al., 1997) . Despite a general consensus that the succession was formed in a "glacially influenced" marine setting, the resolution of component glacial advance-retreat cycles or glacial to non-glacial cycles has thus far proved elusive and no firm conclusions have been drawn by recent studies (Eyles et al., 1998) .
Historically, most reviews of the late Paleozoic ice age have asserted or assumed that it was a single, long-lived event tens of millions of years in duration, perhaps with some internal cycles of waxing and waning ( Figure 1 ; Veevers & Powell, 1987; Frakes & Francis, 1988; Crowley & Baum, 1991 Frakes et al., 1992; Crowell, 1999) . Other workers have, however, suggested that the late Paleozoic ice age consisted of discrete glacial periods (10 to 20 Myr) separated by non-glacial periods of similar duration (e.g. Isbell et al., 2003) . Recent research (Jones & Fielding, 2004; Montañez et al., 2007; Fielding et al., 2008) suggests that the record of late Paleozoic glaciation in eastern Australia consists of a number of even shorter (1 to 8 Myr), discrete glacial intervals separated by non-glacial periods of similar duration. This interpretation is consistent with paleo-temperature and paleo-pCO 2 proxy records from the Carboniferous and Permian paleo-equatorial realm (Montañez et al., 2007) . The new vision of a late Paleozoic ice age consisting of multiple, major cycles that appear to be recorded globally raises the issue that the glacial to non-glacial cycles ought to be recognizable stratigraphically, in addition to various other, perhaps short-term (Milankovitch-scale?), stratigraphic cycles.
The stratigraphic signature of the 1 to 8 Myr glacial events noted above is complex in the marine Permian record of Australia, with a general lack of clear, large-scale cyclicity that can be interpreted in terms of glacial advance and retreat. Four such longterm deglaciation cycles have been well-documented in southern Africa, however (Visser, 1997; Visser et al., 1997; Bangert et al., 1999; Stollhofen et al., 2000) . Short-term, possibly Milankovitch band, cycles have been tentatively recognized in Permian shallow marine strata elsewhere in Australia (e.g. Lever, 2004) and in alluvial plain strata in Antarctica (Fielding & Webb, 1996) but, as yet, the principal long-term cycles remain largely unresolved. The present study provides a stratigraphic and sedimentological reevaluation of the Wasp Head Formation and documents the presence of possible glacioeustatic cyclicity in this unit.
Tectono-Stratigraphic Framework
The Sydney Basin of New South Wales forms the southern part of the composite Bowen-GunnedahSydney Basin System (Figure 2 ), a 2000 km long, north-south elongate depocenter in eastern Australia that records a complex history spanning the Late Carboniferous through to Middle Triassic (Veevers et al., 1994; Fielding et al., 2001) . Throughout the basin system, sedimentation initially commenced in a series of discrete extensional basins (for example, in the Hunter Valley of the northern Sydney Basin, where horst-graben topography can be demonstrated: see Glen, 2005 for a review). In the southernmost Sydney Basin, Tye et al. (1996) tentatively interpreted basal, Lower Permian stratigraphic units (Talaterang Group: Figure 3 ) as having formed in similar, coeval, extensional basins (also see Fielding et al., 2001) . The Talaterang Group (<100 m thick) comprises the shallow marine Wasp Head Formation in the south and the predominantly terrestrial Clyde Coal Measures to the west and north (Figure 3 ; Tye et al., 1996) . These Early Permian units were formed when the southern Sydney Basin was ~60° south of the paleoequator. The overlying Yadboro and Tallong conglomerates, Yarrunga Coal Measures, Pebbley Beach and Snapper Point Formations contain a variety of ma-rine, terrestrial and basin margin facies formed as the extensional topography filled during a phase of more uniform, regional subsidence (Tye et al., 1996; Fielding et al., 2001) . Atop this succession, the Wandrawandian and Berry siltstones record basin-wide transgressive events separated by the shoreface deposits of the Nowra Sandstone. Extrusion of the overlying Gerringong volcanic facies of the Broughton Formation and Illawarra Coal Measures (Bull & Cas, 1989) marks the onset of significant volcanism in the basin, coeval with the onset of foreland loading, and eventual transition to predominantly terrestrial sediment accumulation in a retroarc foreland basin (Fielding et al., 2001) . Isbell et al. (2003) ] compared with the glacial record of eastern Australia (Montañez et al., 2007; Fielding et al., 2008) . Permian time scale from Wardlaw et al. (2004) and Carboniferous time scale from Menning et al. (2000) and Trapp et al. (2004) .
Stratigraphy of the Wasp Head Formation
The Wasp Head Formation represents the Lower Permian Talaterang Group in coastal exposures between Myrtle Beach and Depot Beach, near the settlement of Durras (Figure 2 ; Tye et al., 1996) . Stratigraphic relationships (Tye et al., 1996) and biostratigraphy (Dickins et al., 1969; Runnegar, 1980; Briggs, 1998) (Figures 2 and 4) . At its type section, the basal unconformity separates a sedimentary breccia from the underlying metasedimentary rocks of the Wagonga Group (Ordovician). The unconformity is also exposed at Myrtle Beach and Dark Beach reference sections, the latter of which is reported to contain glacial striae on the unconformity surface (Gostin, 1968) . These features could not be located, presumably because of constant exposure and burial of intertidal exposures during beach profile changes. As many as four sedimentary breccias are present in the basal 25 m of the formation; these units are interbedded with and pass upwards into a further ~70 m of sandstone, mudstone, thin conglomerate, and admixed sandstone and mudstone. As defined by Gostin & Herbert (1973) , the Wasp Head Formation continues upsection to the first mudstone (which is actually an admixed sandstone and mudstone formed by intense bioturbation) above the sandstone exposed at Wasp Head (Gostin Herbert, 1973) . Unfortunately, by this definition the top of the formation is concealed beneath the sea between Wasp Head and Wasp Island (Figure 2) . Reference sections at Durras North and Depot Beach also contain the admixed sandstone/mudstone interval, but its basal contact is covered at both locations. In addition to being inaccessible, the presently defined top of the formation is problematic because it is ambiguous, due to there being similar admixed facies in overlying strata (see below).
&
In the present study the Wasp Head Formation is redefined and the top contact is placed about 11.5 m higher in the section, at the base of the lowest laminated mudstone in the Durras North and Depot Beach reference sections (Figures 2 and 4) , rather than at the unexposed base of the admixed sandstone/mudstone. In addition to being accessible and unequivocal, this surface also represents a regionally traceable transgressive surface that can be used to subdivide the basin fill into units of genetic significance and groups shallowing upward cycles typical of this interval within the Wasp Head Formation. Gostin & Herbert (1973) interpreted the Wasp Head Formation as a shallow marine unit with a coarse-grained, lower part deposited in a stormy, "littoral to sublittoral" environment and a finer-grained upper part deposited in calmer, deeper waters. The majority of the coarse-grained debris in this formation was interpreted as a product of shore ice and river ice. Later authors interpreted the coarse-grained debris in this area as having been glacially derived (Eyles et al., 1997 (Eyles et al., , 1998 , a likely scenario given the ubiquity of clasts and the known glacial conditions at this time (Veevers & Powell, 1987; Isbell et al., 2003; Jones & Fielding, 2004) . McCarthy (1979) examined the trace fossils of the Wasp Head Formation and concluded that foreshore, open shoreface and protected shoreface environments were represented. Given the ubiquity of hummocky cross-strata, Tye et al. (1996) concluded that protected shoreface environments are not represented in the Wasp Head Formation. Overall, Tye et al. (1996) concurred with the formation-scale trends observed by Gostin & Herbert (1973) and interpreted this unit as recording two upward-deepening sequences. In an overview of the depositional environments of Lower Permian units in the southern Sydney Basin, Eyles et al. (1998) described selected intervals from the Wasp Head Formation and interpreted them as being deposited in shallow marine environments ranging from inner to mid-outer shelf.
Previous Studies of the Wasp Head Formation
Because descriptions of the Wasp Head Formation provided by Eyles et al. (1998) do not provide comprehensive coverage of the unit, their stratigraphic overview omits important paleoenvironmental, paleoclimatic and relative sea-level changes recorded within this unit. Detailed measured sections of the entire Wasp Head Formation are provided in the present study and serve as the basis for a detailed sedimentological study of this unit. Trace fossil data and ichnofacies analysis have been integrated to enhance the resolution of the paleoenvironmental interpretations. This study provides a wealth of new information about the sedimentological record of the late Sakmarian glacial event in the southernmost Sydney Basin.
Facies Associations
The Wasp Head Formation can be subdivided into six facies associations based on sedimentologi- Tye et al. (1996) . Permian time scale from Wardlaw et al. (2004) modified to include sub-stages commonly used in eastern Australian biostratigraphy (Briggs, 1998; Foster & Archbold, 2001 ). Taylor & Goldring (1993) . These facies associations represent deposition in a variety of shallow marine environments from shoreface to offshore water depths.
Marine sediment gravity flow facies association

Description
The marine sediment gravity flow facies association occurs in the basal ~23 m of the Wasp Head Formation and is exposed in the Emily Miller Beach, Dark Beach North and Myrtle Beach sections (Figures 4 and 6) . Constituent lithofacies include sedimentary breccia with minor conglomerate and sandstone (Table 1 ; Figures 4 and 6).
Sedimentary breccias comprise the majority of the marine sediment gravity flow facies association. Individual beds range from 0.20 to 6.05 m thick, thicken towards the western edge of the outcrop, and have sharp, erosional bases ( Figure 6A ). Breccias are poorly to very poorly-sorted and supported by angular to subrounded clasts (≤4 m in diameter) derived from the underlying metasedimentary basement ( Figure 6A ). Beds are internally massive except for crude imbrication recording paleoflow to the east (mean = 108°, n = 20) and locally contain normal grading that passes upwards into thin sandstones ( Figure 6B ). The lithic sandstone to siltstone matrix comprises ~20% of the unit. Upper contacts are sharp to sharply gradational over a few centimeters, and the tops of several beds have clasts that protrude upwards and are encased by the overlying lithologies ( Figure 6C ). Many breccias thin, pass laterally into reworked gravel lags, and/or pinch out towards the eastern edge of the outcrop belt (a distance of ~250 m).
Sandstones and conglomerates are only locally present in the marine sediment-gravity flow facies association. Lithic, fine-grained to pebbly coarse-grained sandstones occur as lenses above graded breccias or as partings within the breccias that thicken to the east ( Figure 6B ). Sandstones atop graded beds have gradational bases and sharp tops whereas lenticular interbeds have sharp top and bottom contacts. Apart from grain-size changes, sandstones are internally structureless and no bioturbation was observed. Some breccias pass gradationally into reworked conglomeratic lags with rare shell debris. At ~16 m in the Dark Beach North section, a discrete 3 m thick, erosionally based body of well-sorted, clast-supported, pebble-cobble conglomerate is enclosed within a poorly-sorted boulder breccia. This body of conglomerate has sharp upper and lower (?) contacts, and is lobate in cross-section with a rounded terminus on its eastern edge.
Interpretation
The interpretation of previous authors that conglomerates and breccias of the Wasp Head Formation represent debris flows that originated on the adjacent basin margins (Gostin, 1968; Gostin & Herbert, 1973; Eyles et al., 1998 ) is supported by the observations presented above. Rare shelly horizons and a close association with the upper shoreface deposits indicate that this facies association was deposited in a shallow marine environment in upper shoreface water depths ( Figure 7 ). Paleoflow data, correlation between outcrops, and marked thickness changes in breccias and sandstone interbeds indicate that the sediments flowed down an east-dipping slope and thickened basinwards (Gostin, 1968) . The cross-sectional geometry and association with breccias suggest that the lobe of the conglomerate in the Dark Beach North section was emplaced by debris flow processes. Because other conglomerate occurrences within this facies association occur at the top of breccias, they are interpreted as recording wave reworking. The thin sandstones that locally split coarse-grained units are interpreted as shallow marine (shoreface?) sandstones deposited during quiescent periods between debris flows. Debris flow facies were not bioturbated, indicating rapid emplacement and/or conditions hostile to marine invertebrates.
Upper shoreface facies association
Description
The upper shoreface facies association is found throughout the Dark Beach North and Myrtle Beach sections, and in the basal ~24 m of the Emily Miller Beach section (Table 1 ; Figures 4 and 7). Constituent lithofacies include variably bioturbated, pebbly sandstone with trough cross-beds and abundant conglomeratic horizons with clasts up to 0.30 m in diameter. This facies association ranges from 1.1 to 17.0 m in thickness, has sharp contacts with the marine sediment gravity flow facies association and a gradational contact with overlying gravelly middle shoreface deposits in the Emily Miller Beach section.
Fine-grained to very coarse-grained lithic sandstone is the most abundant lithology in the clast-rich shoreface facies association. Sandstones typically occur in thick, amalgamated packages wherein discrete beds are separated by erosional contacts ( Figure 7A ). Isolated conglomeratic intervals are abundant within sandstones and bounded by gradational to erosional contacts. Sedimentary structures include trough, hummocky and swaley cross-strata as well as low-angle to planar laminae. As indicated on the measured section, some intervals contain both hummocky cross-strata (sensu stricto, Harms et al., 1975 ) and local swaley cross-stratified intervals with abundant lowangle laminae and infilled swales. Trough cross-beds near the base of the Myrtle Beach section record paleoflow to the west (mean = 282°, n = 16).
Clasts within this facies association range from granules to large pebbles (<0.32 m diameter) and are typically incorporated into low-angle, trough, hum- mocky and swaley cross-stratified sandstone (Figure 7B and C) . Conglomeratic intervals within sandstones contain 10% to 70% clasts, range between 0.1 and 1.0 m in thickness, and represent between 10% and 50% of the facies association. Conglomeratic horizons lack internal stratification and some contain bivalve shell fragments (Eurydesma?) and large woody debris. The concentration of coarse-grained detritus within this association is second only to the marine sediment gravity flow facies association.
Gravelly upper shoreface deposits are typically weakly bioturbated (B.I. = 0 to 2) and contain a lowdiversity trace fossil suite composed of Diplocraterion habichi and Arenicolites.
Interpretation
Trough cross-beds, a hallmark of this facies association (Clifton et al., 1971; Hunter et al., 1979; Howard & Reineck, 1981) , record the former presence of landward-migrating three-dimensional dunes that formed during fair-weather conditions in upper shoreface water depths (Greenwood & Mittler, 1985) . The presence of low-angle, hummocky and swaley cross-stratification indicates heightened storm influence in this energetic, upper shoreface environment ( Figure 5) .
The presence of ice-rafted debris in overlying horizons (see below) supports the long-standing interpretation of conglomeratic horizons as having been originally derived from ice-rafted debris (Thiele, 1903; Gostin, 1968; Gostin & Herbert, 1973; Eyles et al., 1998) , although reworking of debris flow deposits cannot be entirely ruled out. Assuming a significant glacial contribution, the sheer abundance and regional provenance of gravel-sized clasts in the Wasp Head Formation suggests delivery from nearby tidewater glaciers and/or seasonal sea or river ice (Gostin, 1968; Gostin & Herbert, 1973) . Pervasive reworking of gravelsized clasts probably records ongoing disturbance of the sediment surface via fair-weather waves. Shallow water depths of the upper shoreface may have limited the maximum size of floating sea ice in this environment, thus preventing the introduction of the cobblesized and boulder-sized clasts that are ubiquitous in the other facies associations. The facies association is remarkably similar to modern sediments in the North Pacific and Far Eastern Seas (Lisitzin, 2002) and Neogene deposits in the north-western USA (Leithold & Bourgeois, 1984; Campbell et al., 2006) .
Gravelly upper shoreface deposits contain an impoverished expression of the Skolithos Ichnofacies, indicative of high-energy shoreface environments with persistently loose, shifting substrates. Large woody debris indicates a terrestrial climate that was suitable for plant growth for at least part of the year.
Middle shoreface facies association
Description
The middle shoreface facies association occurs at 17 to 38 m and 43 to 51 m in the Emily Miller Beach section (Table 1 ; Figures 4 and 8) . These deposits consist of weakly bioturbated, fine-grained to coarse-grained sandstone with conglomeratic beds containing clasts up to ~2 m in diameter. Middle shoreface deposits have sharp to gradational contacts with overlying and underlying facies associations.
Fine-grained to coarse-grained sandstone is the most abundant lithofacies in the middle shoreface facies association. Sandstones become increasingly quartzose, well-sorted and finer-grained upwards throughout the formation, a trend particularly noticeable in this facies association (Gostin & Herbert, 1973) . Individual beds of sandstone are defined by low-angle erosion surfaces. Sedimentary structures include horizontal to low-angle laminae and ubiquitous swaley and hummocky cross-strata. Unlike upper shoreface deposits, trough cross-beds are absent. Locally, gravel-sized clasts may reach abundances of 20% and occur as discrete conglomeratic beds/ lenses, isolated clasts, or may be reworked into discrete swales and hummocky cross-stratified intervals. Individual clasts range from granules to boulders up to 2·0 m in diameter.
Weak bioturbation (B.I. = 0 to 1) is characteristic; ichnogenera include D. parallelum, Rosselia stalks, Rosselia rotatus, Planolites, and Paleophycus tubularis, fugichnia, and rare Macaronichnus and Diplocraterion habichi. Some conglomeratic horizons contain woody plant debris and brachiopod and bivalve shell fragments.
Interpretation
Ubiquitous hummocky and swaley cross-strata indicate that this facies association was deposited in energetic, middle shoreface water depths ( Figure 5 ). The incorporation of clasts into hummocks and swales records remobilization of the sediment surface during storm conditions. Dispersed individual clasts within sandstones may represent either individual clasts dropped from floating ice or clasts remobilized during storms.
The presence of the Skolithos Ichnofacies with robust and resilient detritus feeders is consistent with a middle shoreface interpretation. The scarcity of trace fossils suggests high depositional rates, an in- crease in storm activity, cryptic deltaic influence, exceptionally cold conditions or some other factor that made conditions unfavorable for invertebrate activity. Broadly similar deposits have been described from the North Pacific and Far Eastern Seas (Lisitzin, 2002) , Quaternary deposits on Baffin Island (Mode et al., 1983) , Quaternary-modern sediments from the Gulf of Alaska (Molina & Carlson, 1980; Molina, 1983) , and the Neogene Yakataga (Eyles et al., 1991) and Quinault Formations (Campbell et al., 2006) .
Lower shoreface facies association
Description
The lower shoreface facies association (Table 1; Muddy, fine-grained to conglomeratic sandstone is the most abundant lithofacies in the lower shoreface deposits. Although sedimentary structures are typically destroyed by bioturbation, horizontal to lowangle laminae, swaley cross-strata and hummocky cross-strata are preserved locally. Clasts up to ~50 cm in diameter occur either as isolated clasts within intensely bioturbated sandstones or as discrete lenses or beds; some intervals contain as much as 20% gravelsized clasts.
Lower shoreface deposits contain markedly more intense (B.I. = 1 to 5) and diverse bioturbation than upper and middle shoreface deposits (Figure 9 ). 
Interpretation
The combination of intense and diverse bioturbation, and relict laminated and hummocky cross-stratified intervals, indicates that this facies association was deposited largely during storm conditions and was subsequently bioturbated during fair-weather periods ( Figure 5 ). The presence of isolated outsized clasts within heavily bioturbated intervals may record homogenization of clast-rich ice-rafted debris layers by bioturbation and/or sporadic dumping of individual clasts. Within this facies association, more proximal deposits are probably represented by distal expressions of the Skolithos Ichnofacies whereas more distal deposits are represented by a very diverse, proximal expression of the Cruziana Ichnofacies. This depositional environment is interpreted as being broadly similar to the modern, high-latitude examples listed for the middle shoreface deposits. 
Delta-influenced, lower shoreface-offshore transition facies association
Description
Delta-influenced lower shoreface-offshore transition deposits occur near the top of the Wasp Head Formation at the Durras North and Depot Beach sections, and between 38 to 43 m and 60 to 61 m at the Emily Miller Beach section (Figure 4) . Drapes of carbonaceous claystone are diagnostic and found interbedded with fine to medium-grained sandstone, thin conglomerates with clasts up to 2 m in diameter, admixed sandstone and mudstone, and silty to clayey mudstone (Table 1; Figures 4 & 10) . Near the top of the formation these lithologies are complexly interbedded and laterally variable. Discrete intervals of this facies association range from 0.9 to 7.3 m in thickness and have sharp to sharply gradational (<1 m) contacts with overlying and underlying facies associations.
At Durras North and Depot Beach, drapes of carbonaceous claystone occur as very thin laminae (<1 mm) within weakly bioturbated, fine-grained sandstones (<0.7 m thick; Figure 10A & B). These micro-laminated sandstones contain <10% muddy laminae and define low-angle laminae, wave ripples, and small-scale hummocky cross-strata on adjacent sandstone bed contacts. Bioturbation ranges from absent to uncommon (B.I. = 0 to 2) and Teichichnus was the only observed ichnogenus. Delta-influenced beds near the top of the formation pinch out laterally and have sharp to sharply gradational contacts with other units. Carbonaceous claystone also occurs as thin, discontinuous interlaminae and interbeds (1 mm to 3 cm) that make up as much as 50% of wavy-laminated fine-grained sandstones ( Figure 10C ). Bioturbation is more intense in interbedded intervals (B.I. = 4 to 6) and sedimentary structures are rarely preserved. Trace fossil diversity is limited; observed ichnogenera include Planolites, Thalassinoides, small Teichichnus, Phycosiphon, and Asterosoma. At Depot Beach a 12 cm thick, laminated black claystone blankets and preserves the three-dimensional form of symmetrical ripples in the underlying sandstone ( Figure 10B ).
Associated sandstones near the top of the formation are <1.00 m thick, fine-grained to medium-grained, and organized into weakly bioturbated "clean" intervals with interbeds of intensely bioturbated silty sandstone. Weakly bioturbated beds (B.I. = 0 to 1) are organized into wave ripples, hummocky cross-strata and low-angle lamination/cross-bedding, and have rare Rosselia, Teichichnus, Diplocraterion habichi, and Paleophycus. Silty interbeds are intensely bioturbated (B.I. = 4 to 6), and have a diverse trace fossil assemblage that includes abundant Rosselia, D. habichi, Teichichnus, Rhizocorallium, Zoophycos, Phycosiphon, Planolites, Paleophycus, Asterosoma, and Chondrites. Contacts between the two types of sandstones are generally sharp. Laterally discontinuous (<10 m) lenses of conglomerate (granules to boulders) are common within all sandstones.
The two occurrences of delta-influenced deposits within the Emily Miller Beach section contain wavy, discontinuous interbeds of carbonaceous claystone within shoreface sandstones and intensely bioturbated (B.I. = 5 to 6), admixed sandstone and mudstone ( Figure 10D ). Relict hummocky and swaley cross-stratification are present locally. These intervals have an extremely diverse trace fossil assemblage similar to that of the silty interbeds described above. These beds occur within packages of clean, fine-grained sandstone and laterally extensive conglomerate beds (<50 cm thick) with clasts up to 2 m in diameter ( Figure 10E and F).
Interpretation
Delta-influenced deposits near the top of the Wasp Head Formation contain hummocky cross-strata, wave ripples, impoverished distal expressions of the Skolithos Ichnofacies and stressed, proximal expressions of the Cruziana Ichnofacies. Together, these characteristics suggest deposition in lower shoreface to offshore transition water depths. However, this facies association differs from other units deposited in similar water depths in that it contains sedimentological and ichnological evidence to suggest that deposition occurred within proximity to contemporaneous deltaic outflows. Sparsely to unbioturbated carbonaceous claystone drapes may reflect flocculation and settling of hypopycnal buoyant mud plumes produced via heightened river discharge associated with storms (MacEachern et al., 2005) . The mudstone drapes are rich in phytodetrital material and locally contain synaeresis cracks which may reflect deposition in association with freshets and associated hyperpycnal fluid mud flows, delivered during heightened post-storm river outflow (MacEachern et al., 2005) . Additionally, marked changes in trace fossil assemblage diversities, and sporadic distribution of bioturbation throughout this facies association, suggest fluctuating environmental conditions such as salinity, sedimentation rates, substrate consistency, ox- ygen levels, food and light availability, heightened turbidity, etc. Intervals with a distal expression of the Skolithos Ichnofacies record proximal lower shoreface conditions, whereas stressed and proximal expressions of the Cruziana Ichnofacies indicate deposition in distal lower shoreface or offshore transition settings. These characteristics are consistent with deposition in a storm-dominated to wave-dominated delta front , with additional environmental stresses potentially enhanced by the contribution of glacial meltwater (Phillips et al., 1991) . Similar deltaic deposits have been described from the Cretaceous of western Canada and from elsewhere in the Permian of eastern Australia (Saunders et al., 1994; Gingras et al., 1998; .
The delta-influenced facies association at 38 to 43 m in the Emily Miller Beach Formation also contains wavy carbonaceous laminae, but these clayrich beds are discontinuous and represent a smaller proportion of the facies association than those described above. Although the presence of hummocky cross-stratified sandstone and admixed sandstone and mudstone suggests deposition in lower shoreface to offshore transition water depths, the presence of sparsely burrowed carbonaceous mudstone drapes, sporadic bioturbation distributions and stressed trace fossil assemblages is suggestive of a deltaic influence. These characteristics are consistent with deposition in a wave-dominated distal delta front or on the updrift side of the delta where the environmental stresses were less severe MacEachern et al., 2005) . Greater water depths allowed for the introduction of large ice-rafted clasts (up to 2 m) via larger blocks of floating ice and for the accumulation of extensive, relatively intact clast-rich horizons without major reworking by storm events.
Offshore transition-offshore facies association
Description
The offshore transition-offshore facies association occurs at ~51 to 60 m and ~73 to 79 m in the Emily Miller Beach section, and in the lower ~5 m of the Durras North section (Table 1; Figures 4 and 11) . Lithofacies include mudstones, admixed sandstone and mudstone, and muddy sandstones, all of which contain conglomeratic layers and outsized clasts; most lithologies are pervasively bioturbated. This facies association occurs as tabular intervals that range from 4.6 m (incompletely exposed) to 8.9 m thick, and shows sharp basal contacts and gradational (≤1 m) top contacts.
Silty mudstones and admixed sandstone and mudstone are the most abundant lithofacies in offshore transition-offshore deposits ( Figure 10A and B) . Relict muddy horizons are present within admixed intervals, indicating that homogenization was the result of biogenic mixing (B.I. = 4 to 6). Ichnotaxa in the muddy and admixed intervals include Phycosiphon, Cosmorhaphe, Planolites, Chondrites, Paleophycus heberti, Rhizocorallium, Thalassinoides, Zoophycos, Asterosoma, small Rosselia, and rare Diplocraterion habichi. Clast-rich horizons (granules to boulders) are present locally and outsized clasts are ubiquitous (5% to 15% of unit volume). The admixed zone at the base of the Durras North section contains numerous swales filled with low-angle laminated, fine-grained sandstone ( Figure 10D ). Swales, and the thin sandstone beds to which they connect, become thicker, more laterally extensive and better stratified (B.I. = 1 to 3) upwards through this zone.
Scattered beds of fine to medium-grained, muddy sandstone up to a meter thick are present locally within this facies association, especially between 51 and 60 m in the Emily Miller Beach section. Where visible, bedding is defined by hummocky cross-strata with a formative bedform wavelength of ~10 m. Sandstones also contain conglomeratic lenses with bivalve shells, dispersed outsized clasts and laminae lined with granules to pebbles. The bioturbation index within sandy intervals is generally sparse to low (B.I. = 1 to 2), with locally intense bioturbation (B.I. = 5). Trace fossils in the muddy sandstones include Diplocraterion habichi, Phycosiphon, Taenidium isp., Psammichnites, Asterosoma, Cosmorhaphe, Paleophycus tubularis, fugichnia and Diplocraterion parallelum.
Interpretation
The offshore transition-offshore facies association was deposited in water depths that were below fairweather wave base and locally below storm wave base. Admixed intervals probably represent interbeds of sand, mud and clast-rich layers that were completely homogenized by biogenic activity. Outsized clasts are interpreted as ice-rafted debris. The relative abundance of muddy sediment, pervasive bioturbation and the presence of an archetypal Cruziana Ichnofacies suggest that these units were generally deposited below fair-weather wave base in a fully marine setting. Sandy to silty mudstones containing a distal expression of the Cruziana Ichnofacies probably record lower offshore water depths whereas those with an archetypal expression of the Cruziana Ichnofacies were probably deposited in an upper offshore setting. Muddy sandstones, which generally exhibit a diverse expression of the Cruziana Ichnofacies, represent deposition in an offshore transition setting.
The complexly interbedded interval between 51 and 60 m in the Emily Miller Beach section records numerous alternations between lower offshore, upper offshore and offshore transition deposits. The presence of offshore transition deposits (muddy sandstone) records a phase of deposition near fair-weather wave base-conditions generally shallower than for other occurrences of this facies association.
Overview of Depositional Environments
The Wasp Head Formation represents a variety of shoreface to offshore marine environments (Figure 5) . Conglomeratic horizons and outsized clasts are present (to varying degrees) in all facies associations indicating that dropping and dumping of ice-rafted sediment was an important and ongoing process during deposition of this unit. Cold water temperatures are also supported by the presence of ice-rafted debris and Eurydesma (Gostin & Herbert, 1973; Runnegar, 1979) , as well as glendonites and iceberg keel turbates higher in the succession (Carr et al., 1989; Eyles et al., 1997; Thomas et al., 2004) . Shoreface deposits make up the majority of the Wasp Head Formation. Trace fossils and sedimentary structures contained within these facies associations are consistent with deposition in upper to lower shoreface environments on a variably storminfluenced coastline. The paucity of large clasts (>30 cm) in the upper shoreface deposits suggests fair-weather reworking in water depths that were shallow enough to prevent large, sediment-laden blocks of ice from being transported into the breaker zone (Molina, 1983) . In contrast, the larger clasts (up to 2 m) and more extensive conglomerate horizons found in middle and lower shoreface deposits suggest accumulation of ice-rafted debris in deeper waters. At the formation scale, the amount of ice-rafted debris decreases upwards, a relationship that suggests decreasing glacial influence. Although evidence remains equivocal, the marked increase in trace fossil diversity and abundance near the top of the formation probably record some combination of increased water depths, decreased sedimentation rates and/or a climate that became increasingly favorable for invertebrate colonization.
The remaining facies associations record departures from the "normal" shoreface conditions that typify the Wasp Head Formation. The marine sediment gravity flow facies association was deposited as debris flows derived from the western basin margin episodically spilled into the upper shoreface. Carbonaceous claystone interbeds and marked changes in trace fossil abundance and diversity in delta-influenced deposits attest to marked changes in salinity, turbidity and/or sedimentation rates MacEachern et al., 2005) in a range of shoreface to offshore-transition water depths. Although there may be deltaic imprints throughout the rest of the Wasp Head Formation, it is impossible to diagnose all facies as specifically deltaic at the present time.
Overall, the depositional environment of the Wasp Head Formation shares many characteristics with modern, high-latitude coastal systems of the northern hemisphere. A comparable facies assemblage is present in the Gulf of Alaska, where outlet glaciers historically delivered sediment-laden icebergs into a shallow marine environment that includes gravelly to muddy substrates (Molina & Carlson, 1980; Molina, 1983) . Much like the Gulf of Alaska, the Wasp Head Formation represents an environment where forests thrived in close proximity to glaciers and sea ice. Similar facies have also been described from high-latitude coastlines in Alaska and Canada (Forbes & Syvitski, 1994; Hill et al., 1994) , as well as the Bering Sea, Sea of Okhotsk and northern Pacific Ocean (Lisitzin, 2002) .
Stratigraphic Architecture
The basal part of the Wasp Head Formation largely consists of ~24 m of interbedded marine sediment gravity flows and upper shoreface deposits that pass upwards into ~26 m of middle shoreface deposits in the Emily Miller Beach section (Figure 12 ). It is difficult to correlate the shoreface successions in the upper part of the Myrtle Beach and Dark Beach North sections, and the facies variability seen in these successions may represent bathymetric differences associated with early basin topography and thickness of debris flow deposits. Overall, the basal ~50 m of the Wasp Head Formation represents a gradual deepening-upwards succession with no well-developed internal cyclicity. The overlying ~45 m of section consists of middle to lower shoreface, delta-influenced lower shoreface-offshore, and offshore transition-offshore deposits organized into three shallowing upward cycles (parasequences). The Wasp Head Formation is separated from the dark, laminated, offshore deposits of the lower Pebbley Beach Formation by a pronounced flooding surface with a local conglomeratic lag formed by winnowing or accumulation of ice-rafted debris during a period of minimal sedimentation.
Given the growing body of evidence for a late Asselian to early Sakmarian glacial event in eastern Australia (Montañez et al., 2007; Fielding et al., 2008) and the sedimentological evidence of glacial influence within this unit, interpretation of the stratigraphic architecture of the Wasp Head Formation must take into account potential glacial drivers. Possible glacial striae on the basal unconformity (Gostin, 1968) suggest that Wasp Head Formation sediments were deposited shortly after the retreat of glacial ice. The gradual deepening upward trend observed in the lower part of the formation may, therefore, record a transition from glacioisostatic rebound to the regional extension that characterized the southern part of the Sydney Basin at this time (Fielding et al., 2001) .
As sedimentation continued within this tectonically active basin, glacioeustatic fluctuations or autogenic progradational cycles may have been responsible for the stacked parasequences in the upper part of the formation. The shift to the parasequence-dom- inated architecture of the upper Wasp Head Formation is loosely accompanied by a progressive decrease in the amount and size of ice-rafted debris. These patterns are consistent with a transition to broadly nonglacial conditions (in the southern Sydney Basin) wherein there was a progressive amelioration of climate, the basin experienced a gradual decrease in glacioisostatic rebound, and sea-level changed in response to waxing and waning of glacial ice elsewhere in Gondwana.
A crude approximation of the magnitude of paleobathymetric fluctuations can be made by comparison with continental shelves in similar latitudes and tectonic settings (non-convergent margins). Fairweather wave base is estimated to have occurred at ~30 m depth based on comparison with the Bay of Biscay on the Atlantic coast of France (Lesueur et al., 2002) and storm wave base is assumed to have been ~70 m based on the average values from passive margins provided in Leckie (1987) . Given these estimates, the alternation between sharp-based offshore transition-offshore deposits (~70 m water depth) and lower shoreface sandstones (~30 m depth) may represent water-depth fluctuations of ~40 m-a value similar to that suggested by Eyles et al. (1998) .
The pronounced flooding surface at the base of the overlying Pebbley Beach Formation marks a bathymetric change of a much higher magnitude than those seen in the Wasp Head Formation. At Depot Beach, the basal Pebbley Beach Formation consists of cyclically interbedded diamictites and laminated offshore mudstones deposited during glacial-interglacial cycles, broadly similar to those described from the Quaternary of east Greenland (Dowdeswell et al., 2000) . Given this, and other evidence for late Sakmarian glaciation in eastern Australia (Jones & Fielding, 2004) , the flooding surface at the base of the Pebbley Beach Formation is interpreted as the product of glacioisostatic loading.
This interpretation of the stratigraphic architecture of the Wasp Head Formation differs considerably from the generalized account provided in Eyles et al. (1998) , who consider the basal ~50 m of the Wasp Head Formation to represent an interval that maintained constant water depths during a phase of rapid sedimentation. More significantly, Eyles et al. consider the upper part of the formation to represent shelfal deposits with a series of stacked sharp-based sandstones that record no fewer than six episodes of scouring formed in response to abrupt changes in depositional conditions. Although many of the shoreface sandstones near the top of the formation do have relatively sharp contacts, these beds generally occur within offshore transition deposits and more likely represent relatively unbioturbated storm deposits. No sharp-based sandstones comparable with those formed in response to forced regressions (Posamentier et al., 1992; Posamentier & Allen, 1999 ) are present in the Wasp Head Formation. Instead, the three major flooding surfaces in the upper part of the formation represent the only significant changes in paleobathymetry.
Discussion
The Wasp Head Formation is one of several units in eastern Australia that records a late Asselian to early Sakmarian glacial event in eastern Australia. This glacial event is best preserved in diamictites and varved siltstones within the Boonderoo Beds and Youlambie Conglomerate of Queensland (Jones & Fielding, 2004) . Glacial facies within these formations are restricted to thin, correlative intervals of late Asselian to early Sakmarian age situated between thick successions of distinctly non-glacial strata. The complex facies changes and distribution patterns of these units suggest deposition in association with local, alpine glaciation (Jones & Fielding, 2004) . Initial descriptions of the newly defined Woodton Formation (Kelk, 1986; Roberts et al., 2006) indicate that this upper Asselian to lower Sakmarian unit is probably correlative with the Queensland deposits and also contains dropstones and diamictites. Evidence of this short-lived event is also preserved in glacial deposits in Australia and in the geochemical record of the Pangean paleotropics (Isbell et al., 2003; Montañez et al., 2007; Fielding et al., 2008) .
The abundance of locally derived ice-rafted debris in the Wasp Head Formation suggests that coarsegrained sediment was supplied to shoreface and offshore areas by some combination of sea/river ice and the presence of outlet glaciers sourced in nearby uplands ( Figure 5 ). This interpretation represents a simpler alternative to the elaborate model of Eyles et al. (1997) in which those authors invoked icebergs sourced in Antarctica and transported several hundred kilometers along the Panthalassan coastline of Gondwana. This hypothesis was based on the presence of extrabasinal clasts and the assumption that the presence of Glossopteris forests was incompatible with a "severely cold coastline."
Although it is possible that some of the debris may well have been sourced from distant areas, a regional source is more likely for a number of reasons. Gostin (1968) and the later summary by Gostin & Herbert (1973) remain the only detailed, published studies of clast composition and provenance for the Wasp Head Formation. In these studies, it is stated that clasts in the lower part of the formation were derived from "local source rocks" and that those in the upper part of the formation were derived from a "varied source area which included granites and acid volcanic rocks at a probable distance of well over 40 km." Although Eyles et al. (1997 Eyles et al. ( , 1998 invoke an Antarctic contribution above ~40 m in the Wasp Head Formation, they provide no evidence to support this interpretation. Ice-rafted debris can be carried great distances during Heinrich events (Heinrich, 1988; Hesse & Khodabakhsh, 1998 ), but most coarse-grained sediment is deposited within 400 km of the terminus of an outlet glacier (Drewry, 1986; Benn & Evans, 1998) . Conversely, sea and river ice are capable of transporting large amounts of coarse debris seawards (Lisitzin, 2002) . The likely proximity of alpine glaciers is underscored by the presence of diamictites in the overlying Pebbley Beach Formation (Tye et al., 1996; Bann, 1998; Eyles et al., 1998) . Eyles et al. (1997) interpreted the climate of the Sydney Basin at this time as having involved winters that were mild enough to prevent the formation of sea ice and use this interpretation in support of the Antarctic source of glacial debris. The implication of this reasoning is that the presence of forests precludes locally derived ice-rafted debris, but several recent studies demonstrate that the two need not be mutually exclusive. Vegetation capable of surviving in cold, tundra environments had evolved by the Carboniferous (Retallack, 1999a,b) and a variety of plants flourished in high latitude settings by the Permian. Paleobotanical data indicate that conditions were very favorable for plant growth during the summer months (Rayner, 1995) and that glacial deposits and Glossopteris are intimately associated throughout Gondwana (Tye et al., 1996; Smith et al., 1998; Kneller et al., 2004) , thus providing strong evidence of coeval glaciers and Glossopteris forests. Perhaps the most compelling evidence of cold-adapted plants comes from the mid-Permian Weller Coal Measures of Antarctica, where Glossopteris forests appear to have formed permafrost-cored palsa mires (Krull, 1999) . Given this overwhelming body of evidence, the presence of locally derived ice-rafted debris and a favorable climate for plant growth need not be mutually exclusive. Such a setting is, indeed, similar to that observed in the modern coast of southern Alaska where alpine glaciers coexist with high latitude forests.
Conclusions
Shallow marine strata of the Wasp Head Formation were deposited during the transition to a nonglacial period following the late Asselian to early Sakmarian glaciation in eastern Australia. The basal part of the formation records a gradual deepening upward trend from upper to middle shoreface water depths, a pattern interpreted as recording the transition from glacioisostatic rebound to a subsidence-dominated regime. The upper part of the formation consists of alternations between shoreface and offshore transition-offshore deposits that are organized into three shallowing upward cycles. These sharp-based cycles are interpreted as parasequences formed in response to relatively rapid (glacioeustatic) rises in relative sea-level, or to progradational cycles. Although ice-rafted debris is present throughout the formation, the amount and size of the clasts decrease upwards through the formation. Taken together, the sedimentology and stratigraphic architecture of this unit appear to record the progressive amelioration of climate, decreasing glacial influence and recovery from glacioisostatic rebound that followed an ~8 Myr glacial event which influenced much of eastern Australia.
The newly redefined upper contact is placed at a regionally traceable transgressive surface that separates the shoreface-offshore transitional deposits of the Wasp Head Formation from the dark, laminated offshore mudstones of the lower Pebbley Beach Formation. This marked transgressive surface probably records glacioisostatic loading and the return of glacial conditions-an interpretation supported by the presence of cyclically interbedded diamictites and dark laminated mudrocks in the lower Pebbley Beach Formation.
The results of this detailed sedimentological and ichnological study provide significant new insight into the depositional environments represented by the Wasp Head Formation-an important first step in constraining the spatial and temporal distribution of glacial ice in eastern Australia during the late Paleozoic.
